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Abstract

Introduction

Reconstructions of lake-water salinity at decadal resolution
for the last 2,000 years are compared among three lakes in
North Dakota to infer regional patterns of drought. The intersite comparisons are used to distinguish local variation in
climate or hydrology from regional patterns of change. At
one lake, diatom-inferred salinity and lake-water Mg/Ca inferred from ostracode shell chemistry are coherent, both
in terms of direction and magnitude of change, indicating
that each is a robust technique for reconstructing lake-water chemistry. The data show that the last 2,000 years have
been characterized by frequent shifts between high and low
salinity, suggesting shifts between dry and moist periods.
Long intervals of high salinity suggest periods of multiple
decades when droughts were intense and frequent, thus indicating times when drought was more persistent than in the
20th century. Both the Medieval Period and Little Ice Age
were hydrologically complex, and there is no clear evidence
to suggest that either interval was coherent or unusual in effective moisture relative to long-term patterns. Differences
among the three sites may be attributed to variation in local hydrology, and these differences emphasize the need for
multiple sites in deriving regional climate interpretations
from paleoecological data.

High-resolution studies of the climate of the last 2,000 years
can be used to examine temporal and spatial patterns of natural climate variation under large-scale boundary conditions
that are roughly similar to those of today. Thus, these data can
provide a baseline of climate variation before major anthropogenic modification of the climate system. Recent syntheses of high-resolution paleoecological and historic data suggest that 20th-century global and regional temperature trends
may be unusual relative to those of the past four to six centuries (Mann et al., 1998; Overpeck et al., 1997). More-limited
data are available regarding precipitation variation, although
paleoecological reconstructions suggest that, at least in some
regions, the 20th century does not encompass the full range of
natural climate variation (Stine, 1994). In the northern Great
Plains of North America, diatom-inferred salinity fluctuations,
which are a proxy for changes in precipitation minus evaporation (P – E), suggest multidecadal intervals of frequent
drought between A.D. 400 and 1200, in many cases greater in
magnitude than the Dust Bowl droughts of the 1930s (Laird et
al., 1996b). Tree-ring records from the northern Great Plains,
which extend back several hundred years, also suggest that the
full range of climate variation is not represented in instrumental climate records (Meko, 1992).
Drought can have multiple causes. Moisture patterns at an
individual site may reflect convective precipitation operating
on a relatively small scale, as well as frontal storms driven
by atmospheric circulation systems that affect the distribution
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Study Area

Figure 1. Map of the northern Great Plains (shaded area) showing the location of Moon (M), Coldwater (C), Rice (R), Elk (E), and Mina (Mi) lakes.
Isolines are of precipitation minus evaporation (in cm). Figure modified from
Winter and Woo (1990).

of precipitation over large geographic areas (Hirschboeck,
1991). As a result, climatic inferences from paleoecological
data need to be corroborated at multiple sites to distinguish local versus regional variation. The inference of P – E from lacustrine proxy records of salinity assumes that the lake is hydrologically closed and that precipitation and evaporation
dominate the hydrologic budget, relative to groundwater and
surface flow. Although evaporative forcing is strong in semiarid
and arid regions, groundwater flow can be a large component of
a lake’s water and salt budget (Crowe, 1993; Donovan, 1994).
Thus, the rate and pattern of lake response to shifts in P – E depends on water residence time and the rates of response of various components of the hydrologic budget, some of which may
lag changes in P – E (Winter and Woo, 1990). As a result, inferences of climate from lake-water chemistry need to be verified
or corroborated in some fashion. One approach is to compare
inferred lake-water chemistry with historical climate data for
the period of the instrumental record (Laird et al., 1998). This
method can be used to identify lakes that are sensitive to shifts
in P – E. However, the components of a lake’s hydrologic budget are not temporally static and may change with time. Thus,
one can equate shifts in lake salinity with shifts in effective
moisture with a high degree of confidence, only if multiple sites
confirm a pattern of behavior for the time period of interest.
Here we compare decadal-scale inferences of lake-water
chemistry, based on diatom-inferred salinity and Mg/Ca ratios
in ostracode calcite, for three sites in North Dakota. We use the
intersite comparisons to infer regional patterns of drought and
shifts in P – E for the last 2,000 years and to distinguish local
versus broad-scale influences on lake-water hydrochemistry.

The three lakes (Moon, Coldwater, and Rice) are located
in the glaciated part of the northern Great Plains (Figure 1),
a region of level to gently rolling topography, which prior to
European settlement was characterized by tall-grass to mixedgrass prairie (Carpenter, 1940). The climate is continental,
with cold dry winters and moist hot summers. Moisture is derived primarily from the Gulf of Mexico, and precipitation
patterns are a result of the interaction of moist Gulf air with
dry air masses originating in the Pacific and cold dry Arctic
air (Bryson, 1966). Most precipitation falls during the growing season (April to September), and the overall moisture balance is negative (P – E < 0). The lakes described here span an
east-to-west gradient in precipitation and a north-to-south gradient in temperature (Winter and Woo, 1990). Average annual
precipitation and temperature ranges for the 20th century are
given in Table 1.
Each of the three lakes is topographically closed, and
all inflow derives from precipitation and groundwater discharge. Although most of the precipitation falls during summer months, most is lost to evapotranspiration; regional aquifiers are recharged primarily from snow melt during the spring
thaw (Kelly, 1966).
Moon Lake lies in southeastern North Dakota within the
Kensal-Oakes drift, an end moraine associated with a readvance of the Des Moines ice lobe of the Laurentide ice sheet
(Kelly and Block, 1967). The lake is situated within the Stoney
Slough meltwater channel, which cuts across the Kensal-Oakes
Table 1. Selected Geographic and Limnological Data for the
Three Study Lakes
Moon Lake

Coldwater Lake

Rice Lake

Latitude

46° 51′ N

46° 01′ N

48° 00′ N

Longitude

98° 09′ W

99° 05′ W

101° 32′ W

Mean annual temp. (°C)

4.8

5.0

4.2

Mean annual precipitation (cm)

46

46

41

Surface elevation (m)

444

594

620

35

50

75

Surface area (ha)
Maximum depth (m)

12.8

6

10

pH

9.1

8.9

9.0

Salinity (g L–1)

5.16

3.0

1.24

Ca2+ (mg L–1)

11.1

21

7.9

Mg2+ (mg L–1)

273

439

238

Na+ (mg L–1)

1,368

315

161

K+

(mg

L–1)

254

132

45.1

2,598

1,881

614

CO3– + HCO3– (mg L–1)

164

118

139

Cl– (mg L–1)

497

98

31.6

Mg/Ca molar ratio

46

36

49.7

Total phosphorus (ug L–1)

51

98

31

SO42– (mg L–1)

Note: Water-chemistry values are the mean of four measurements taken in
1991 for Moon and Coldwater lakes and two measurements for Rice Lake.
Climate data are the mean of the instrumental record.
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Table 2. Radiocarbon Dates from Moon, Coldwater, and Rice Lakes

Depth (cm)

Laboratory
number
(CAMS)

Age
(14C yr B.P.)

Error
(1 σ)

Calibrated age
(cal yr B.P.)*
(1 σ range)

Material

Coldwater Lake
773–777

13612

620

60

596 (545–653)

1018–1022

17040

1610

60

1518 (1408–1546)

Rumex and chenopod seeds, wood, charcoal
charcoal

1143–1147

13613

2050

60

1989 (1930–2064)

chenopod seeds, wood, charcoal

1430–1434

6821

460

60

509 (477–530)

charcoal

1508–1512

14337

830

60

725 (672–782)

charcoal

1562–1566

14338

1080

50

966 (936–1055)

charcoal

1662–1667

6822

2300

60

2334 (2206–2349)

charcoal

Moon Lake

Rice Lake
1047–1048

9157

560

60

540 (520–560)

1254–1262

9158

1360

60

1290 (1240–1310)

plant stem (Scirpus?)
2 Scirpus seeds

1431–1432

9159

2090

60

2020 (1990–2130)

wood

* Calibrated dates are the mean of the interval of calendar dates with the highest probability of occurrence.

end moraine and is underlain by outwash that overlies the
Pierre Shale (Cretaceous). Coldwater Lake lies on the Missouri Coteau in southeastern North Dakota, within the Burnstad drift, a late-Wisconsin morainal deposit of the James lobe
of the Laurentide ice sheet. It is underlain by Pierre Shale
(Clayton, 1962). Rice Lake is also on the Missouri Coteau,
near the edge of the Missouri Escarpment in north-central
North Dakota. The lake is within a meltwater channel underlain by outwash gravels and sands (Sloan, 1972).

Methods
Sampling and Chronology
Each of the lakes was cored during winter 1985–1986 with
a modified Livingstone square-rod sampler (Wright, 1967).
An 11.2-m sediment core, with a basal age of 11,800 14C yr
B.P., was collected from Moon Lake in 13.2 m of water. From
Coldwater Lake an 18.8-m core was raised from 4.9 m of water; it has a basal age of 10,790 14C yr B.P. An 11.8-m core
taken in 8.6 m of water at Rice Lake has a basal age of 9,240
14C yr B.P. Details regarding chronology and the Holocene climate history of Coldwater and Moon lakes are described elsewhere (Laird et al., 1996a; Xia et al., 1997).
Core sections were stored at 4°C prior to sampling. Dates
are presented here in calendar years A.D., based on linear interpolation of the calibrated equivalent ages for each AMS
date (Table 2) (Stuiver and Reimer, 1993), using the bidecadal
calibration curve (Stuiver and Pearson, 1993). For Moon
Lake, the uppermost 4 m of core, representing ca. 2,300 years,
were sampled at 0.5-cm intervals. The average sample resolution is 5.3 years. For Coldwater Lake, the top 6.1 m of sediment, representing 2,050 cal years, were sampled at 2-cm intervals. The final sampling resolution is approximately 8 cal

years, except for gaps created by prior sampling for AMS dating and century-scale analyses. For Rice Lake, the uppermost
5.5 m of sediment, representing 2,100 cal years, were sampled
at ca. 1.5-cm intervals, and the final sampling resolution averages about 14 cal years, except for gaps. Each sample interval
was homogenized with a spatula prior to subsampling for various analyses.
At each site, a short core, encompassing the last ca. 200
years, was collected with a piston corer. Each short core was
kept upright and extruded in the field at 1- to 4-cm intervals.
Core chronology is based on 210Pb dating of the sediment using the constant rate of supply model (Appleby and Oldfield,
1978), verified by pollen analysis and the known dates for the
introduction of exotic annuals, such as Salsola or cultivated
crops (Jacobson and Engstrom, 1989). In Moon and Coldwater lakes, the uppermost sections of the long cores overlap
with the base of the short cores, and the two core sequences
have been integrated based on distinctive patterns in the losson-ignition (Coldwater) and diatom (Moon) stratigraphy.
Diatoms
Diatom analysis was completed for Moon and Coldwater
lakes. Subsamples were processed in cold hydrogen peroxide
(30%) to oxidize organic matter and were rinsed with distilled
water until free of peroxide. The resulting samples were settled onto coverslips and allowed to air-dry, and the coverslips
were mounted onto slides with Naphrax™. Diatoms were
counted in transects under oil immersion with a 100× objective. At most levels a minimum of 300 diatom valves was
counted, but in a few samples diatom concentrations were low
and/or preservation was poor, and fewer valves were counted.
Salinity reconstructions were based on a transfer function (Fritz et al., 1993) derived from a weighted-averaging
regression and calibration model, which uses the diatom dis-
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Figure 2. Diagram showing patterns of salinity change at the three lake sites in the northern Great Plains, arranged east (Moon) to west (Rice). Data from Coldwater and Rice lakes are smoothed with a 3-point running average and from Moon Lake with a 6-point running average. The gap in the Moon Lake record around
A.D. 1600 is the result of desiccation of the core; thus, data are unavailable for this period. Shaded intervals represent times of major drought. Unshaded intervals
indicate wetter periods, except for intervals where the three records differ, which are marked with question marks.

tribution in modern lakes in the northern Great Plains. Mean
bootstrap estimates of salinity calculated from 1,000 cycles
are highly correlated with the weighted-average salinity estimates (r = 0.99).
Ostracode Trace-Element Chemistry
Trace-element analysis was completed for Rice and Coldwater lakes. Concentrations of Candona were extremely low
in the Moon Lake sediments, which precluded analysis of ostracode-shell chemistry at this site. The sediment subsamples (mostly 5–15 g) were soaked in Calgon solution and frozen/thawed before being washed through a set of sieves (150
and 250-μm; Forester, 1987). Geochemical analyses were performed on juvenile shells (A-1 and A-2 instars) of Candona
rawsoni (a benthic ostracode species with broad salinity tolerance), because juveniles are more restricted in the season of
shell formation (Xia et al., 1997). Before the chemical analysis, the shells were cleaned with triply deionized distilled water and dried in residue-free ethanol.
Selected ostracode shells from Coldwater Lake were
cleaned with 10% H2O2 at 80°C for 20 min prior to analysis (Xia et al., 1997). Those from the Rice Lake core were not
pretreated. A composite of 2–13 shells was used from each
Rice Lake sample, and 8–20 valves were used for each Coldwater sample. Tandem trace-element/stable isotopic measurements were made from all ostracode samples (the isotopic
data will be presented elsewhere). The trace-element analysis of ostracode shells was carried out on the acid residue (in

104% ultrapure H3PO4) remaining after stable-isotope analysis (Chivas et al., 1993). The residue was diluted about 200
times with 0.5 M high-purity distilled HCl for optimal measurement precision. The elemental (Ca, Mg, Sr, and Ba) concentration measurements of diluted residue samples were
carried out on a Perkin– Elmer/Sciex Elan 5000 inductively
coupled plasma mass spectrometer (ICP-MS). The analytical
precision is within 5% for concentration measurements of individual elements.

Results
Moon Lake, Barnes County, ND
The diatom stratigraphy and its interpretation have been
presented in detail elsewhere (Laird et al., 1998; 1996b), and
here we provide only a brief summary of these results. The
2,300-year record of diatom-inferred salinity shows oscillations between high- and low-salinity intervals (Figure 2), indicating shifts between dry and moist periods. Prior to A.D.
1200, the record shows long intervals of persistently high salinity (.20 g L–1), suggesting periods of multiple decades
when droughts were severe and frequent. Most of this interval is typified by high salinity. Long periods of particularly
high salinity are evident from A.D. 20–140, 220–340, 640–
820, and 1020– 1160. Relative to the Dust Bowl era of the
20th century, when diatom-inferred salinity was 10–17 g L–1,
the stratigraphic data suggest drought intervals more extreme
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Figure 3. Deviation from the 2,000-year lake-water chemistry mean for the proxy records from Moon, Coldwater, and Rice lakes.

in magnitude and duration than those of the 20th century. The
record shows that high salinity typifies the Medieval Period
(A.D. 900–1300) (Hughes and Diaz, 1994); however, this period is not distinguished relative to the previous 1300 years.
The diatom-inferred salinity record indicates a major shift
in mean salinity after A.D. 1200 (Figure 3), with several subsequent intervals being fresher than any within the previous
1,550 years of record. The shift to lower mean salinity suggests enhanced effective moisture beginning about 750 years
ago, a time roughly coincident with the onset of the Little Ice
Age (A.D. 1300– 1850; Porter, 1986). Two major freshwater
extremes are evident about A.D. 1350 and 1850.
Coldwater Lake, MacIntosh County, ND
The diatom species record (Figure 4) shows oscillations between freshwater planktonic taxa (Fritz et al., 1993), such as
Aulacoseira ambigua, Cyclotella michiganiana, Stephanodiscus niagarae, small Stephanodiscus species (S. minutulus, S.
parvus, S. hantzschii), and Synedra acus with saline species,
particularly Chaetoceros elmorei and Cyclotella quillensis.
Both diatom-inferred salinity and Mg/Ca ratios of the ostracode Candona rawsonii reflect changes in ionic concentration, and the two proxies show similar patterns in the direction
and magnitude of change (Figure 5). The only discrepancies
in direction of change are at A.D. 850–900, when diatom-inferred salinity increases whereas ostracode Mg/Ca continues
to decline, and around A.D. 1540, when diatom-inferred salinity shows a drop whereas ostracode Mg/Ca remains high.

In a few intervals, the magnitude of inferred salinity change
differs: around A.D. 200–300 and 700–800 the diatoms show
larger fluctuations in salinity than the ostracodes, whereas the
amplitude of salinity change between A.D. 1050 and 1300
is reduced in the diatom record relative to the ostracode record. Overall, however, the two proxy records are remarkably
coherent.
The diatom and ostracode data show alternations between
low- and high-salinity intervals during the last 2,000 years,
each persisting for multiple decades. The data indicate that
between A.D. 530 and 790, high-salinity periods were more
common, suggesting a greater frequency of drought. This is
followed by an interval of persistent low salinity between
A.D. 800 and 1000, which suggests a long period of enhanced
moisture availability. High salinity prevailed from A.D. 1020
to 1080, followed by multiple oscillations between high and
low salinity in the subsequent few centuries, although salinity was more frequently low relative to the long-term average
(Figure 3). Salinity was generally higher during the last ca.
500 years, suggesting more frequent and persistent drought.
Rice Lake, Ward County, ND
The Mg/Ca data from Rice Lake (Figure 2) show periodic fluctuations at century scale around a 2,100-year mean
value of 0.022 (Yu and Ito, 1999). The relatively dry periods
include A.D. 40–150, 220–380, 630–930, 1020–1140, 1300–
1350, 1500–1650, and the last century. The major wet periods
are A.D. 400–620, 950–1020, 1350–1480, and 1650–1750.
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Figure 4. Summary diatom diagram of the major taxa used to infer salinity variations in Coldwater Lake.

The dry periods appear to last longer, although they incorporate lower-magnitude fluctuations, whereas the wet periods are short and more stable. These patterns suggest highly
variable climate during the centuries of drought. The Mg/Ca
ratios from Rice Lake show no long-term trend over the last
2,100 years in lake-water salinity and thus aridity.
Discussion
Comparison of Diatom and Ostracode Inferences
Lake-water salinity and Mg/Ca ratios are both measures
of ion concentration. In lakes of the northern Great Plains,
the two variables are highly correlated at salinities less than
about 20 g L–1, indicating that Mg/Ca behaves conservatively
(Fritz et al., 1993; Ito et al., 1998; Last, 1992). Thus, both
salinity and Mg/Ca ratios should respond similarly to shifts
in evaporative concentration or dilution, and proxy records
of these two variables should change in tandem. A comparison of diatom-inferred salinity with ostracode-shell Mg/Ca
ratios for Coldwater Lake (Figure 5) shows very good agreement in the pattern of change in ionic concentration. Overall, the two records are also similar in the magnitude of salinity change, although there are discrepancies. For example,
during several time intervals between A.D. 1050 and 1280,
the magnitude of change in diatom-inferred salinity is lower
than that inferred from ostracode shell chemistry. Given the
good diatom preservation and the precision of measurement

on multiple ostracode valves in this region of the core, we
have no clear reason to favor one proxy over the other. Diatoms and ostracodes may live during different times of the
year and thus may record differing water chemistries, but at
present no data are available on potential seasonal biases of
these biotic proxies. In such instances, the magnitude of salinity change can only be inferred by comparison with nearby
sites (see below). Nevertheless, the overall coherency of the
two proxy records indicates that each is a reliable indicator of
salinity change in hyposaline (3–10 g L–1) closed-basin lakes,
such as Coldwater Lake.
Regional versus Local Climate Patterns During the Last
2,000 Years
Multisite comparisons from within a geographic region can
be used to distinguish local from regional patterns of variation, although one cannot distinguish whether differences between sites are a result of local climatic variation or, alternatively, different hydrological responses to a similar climate
forcing. The three lakes studied here are within a fairly uniform physiographic region, but they span a strong regional
gradient in effective moisture and clearly do not have identical moisture budgets. Twentieth-century precipitation records
for the climate stations closest to each of the lakes (Figure 6)
show large-scale similarities in the pattern of variation; however, there are differences. All three sites show extremely low
precipitation during the Dust Bowl period in the mid 1930s,
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a slight shift in the time scale at various points could improve
the intercorrelation of salinity trends or, alternatively, result in
inverse behavior. Thus, we present the suggested correlation
as a working hypothesis of regional patterns.
The three lakes show considerable similarity in direction
of change, although there are intervals of apparent divergence.
All records show an interval of prolonged drought between ca.
A.D. 40 and 130, followed by a wetter period, and also a dry
period about A.D. 250, which two of the records (Moon and
Rice) suggest was sustained for more than a century. Shorter
periods of drought are evident at ca. A.D. 400 and 530, and
the data suggest a period of major and sustained drought from
ca. A.D. 620 to 790. The time from A.D. 1020 to 1150 was
also characterized by major drought and was followed by a
distinct wet interval to at least A.D. 1300. In the few centuries
after A.D. 1300, the Moon Lake stratigraphy is somewhat offset from the other two sites, but the correlation suggested in
Figure 2 is well within the error of the radiocarbon dates. All
sites show intervals of very fresh conditions, suggesting high
precipitation, sometime between A.D. 1330 and 1430 and in

Figure 5. Comparison of Coldwater Lake diatom-inferred salinity (black) and
ostracode Mg/Ca (gray).

but the magnitude of the precipitation deficit is much greater
at Ashley (near Coldwater Lake) than at Minot (Rice Lake) or
Jamestown (Moon Lake). Similarly, the data show a gradual
decline in precipitation from the early 1920s to mid-1930s at
both Minot and Jamestown, but a more rapid decline at Ashley. A drought centered around 1960 was less pronounced at
the eastern sites than at Minot, where precipitation was nearly
as low as that in the 1930s. At the westernmost station in Minot, a directional shift to generally higher precipitation and
enhanced precipitation variation is seen after the 1930s, but
the opposite is true at the more easterly sites. Given these differences in the modern climate, there is every reason to expect variation in paleoclimatic reconstructions, even at this
small geographic scale, particularly with respect to magnitude
of change.
The reconstructions from Moon, Coldwater, and Rice lakes
all indicate that the climate of the last 2,000 years was hydrologically complex, with large oscillations between low-salinity wet phases and high-salinity dry phases. The three sites
show a moderate degree of coherence in pattern of change.
However, it is difficult to reconcile the fine-scale behavior of
the lakes, partly because of the errors inherent in the chronology. The high sediment-accumulation rates in prairie lakes
(commonly .0.25 cm yr–1) permit high-resolution sampling,
but the chronology is derived from radiocarbon dates (Table
2), each of which has an associated standard error of at least
650 years. In Figure 2 we have used shading to connect intervals that are apparently synchronous and to emphasize the
broad-scale similarities in direction of change. Quite clearly,

Figure 6. Mean annual precipitation (mm yr–1) in the 20th century for the
three climate stations closest to the three North Dakota lake sites discussed in
the text. Data are smoothed with a 5-point running average.
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the early decades of the 1800s. The data also suggest periods
of drought in the decades surrounding A.D. 1500, 1600, and
1800, and in the latter decades of the 19th century.
Neither the Medieval Period nor the Little Ice Age interval can be simply characterized in the northern Great Plains
with respect to moisture conditions, and both wet and dry conditions alternated within each. Climatic extremes were typical
of some regions during the Medieval Period (Barlow et al.,
1997; Stine 1994), and our evidence suggests multidecadal intervals of major drought in the northern Great Plains. However, our data suggest that moisture deficits during Medieval
times are not unusual relative to the previous 1,000 years of
record, and the magnitude of Medieval drought in the northern
Great Plains is apparently not as extreme as that of the middle
Holocene (Dean et al., 1996; Laird et al., 1996a; Smith et al.,
1997; Xia et al., 1997).
One of the most striking differences among the records occurs after A.D. 1200. Both Coldwater and Rice lakes show
multidecadal periods of very high salinity (Figure 2), which
suggest intervals of drought as extreme as any within the
2,000-year record. In fact, the Coldwater Lake record suggests
a trend toward generally higher salinity (Figure 3). However,
after A.D. 1200, the Moon Lake stratigraphy shows a shift
to lowered mean salinity (Figure 3). This shift in lake-water chemistry at Moon Lake was originally interpreted as an
overall increase in moisture during the Little Ice Age (Laird
et al., 1996b). This interpretation is consistent with pollen records several hundred kilometers to the east of Moon Lake,
which show the expansion of mesic tree species at the onset
of the Little Ice Age in forested regions of eastern Minnesota
(Grimm, 1983). However, the absence of a directional shift
toward fresher conditions at Rice and Coldwater lakes casts
doubt upon the interpretation of an overall regional increase
in moisture during the last 600–700 years.
Very few other paleoclimatic records from the northern
Great Plains are sufficiently detailed or of sufficient duration
to evaluate the character of the Little Ice Age interval relative
to the previous millennium (Woodhouse and Overpeck, 1998).
A record of eolian activity inferred from sedimentary A1 concentrations from Elk Lake, MN (Dean, 1997) shows low flux
during some of the Little Ice Age interval. However, there is
no directional pattern of change relative to earlier times, and
a period of high aluminum flux in the 17th century suggests
an interval of extreme drought equivalent in magnitude to
two intervals of inferred drought in Medieval times. A highresolution oxygen isotope record from Lake Mina, MN, less
than 100 km from Elk Lake, spans only 1,200 years, but it
shows generally higher values after A.D. 1300 relative to the
preceding 500 years, and the higher values suggest enhanced
evaporative forcing (Stevens, 1997). Records of eolian activity both near Minot (Muhs et al., 1997) and to the south in
the Nebraska Sandhills (Stokes and Swinehart, 1997) indicate dune reactivation at several times during the last millennium in response to major drought, including at least two intervals during the last 500 years. Thus, there is no widespread
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evidence indicating a general increase in moisture availability in the northern Great Plains during the last 600–700
years. Additional sites are necessary to address this hypothesis adequately.
Causes of Spatial Variability among Lake Records
The differences in behavior among Moon, Coldwater, and
Rice lakes suggest either differences in local climate or differences in hydrologic response to environmental variability. Within the last century, droughts have been spatially
heterogeneous, even within a fairly small geographic area,
and widespread droughts, such as the Dust Bowl droughts,
have been infrequent (Oladipo, 1986). Thus, it is possible
that Moon Lake had a generally moister climate after A.D.
1200, while nearby sites just to the west did not. However,
it seems unlikely that such a strong climatic gradient would
occur between two closely spaced sites (Moon and Coldwater are < 200 km from one another) and would persist for
many centuries.
A more likely explanation for the differences between the
sites is shifts in the hydrologic behavior of individual lake
systems as a result of altered ground-water flow patterns
(Smith et al., 1997) or within-lake mixing processes (Fee et
al., 1995). Several recent studies have demonstrated differential sensitivity of lakes to drought based on topographic
position within a drainage basin (Almendinger, 1993; Webster et al., 1996) or the permeability of surface deposits. All
three lakes in this study were chosen because of their small
catchments and relative hydrologic simplicity; nevertheless,
there are several differences in overall hydrology that have
the potential to produce differential responses to climate
shifts. Coldwater and Rice lakes lie at higher elevation (Table 2) on the Missouri Coteau, whereas Moon Lake lies just
to the east of the Coteau. Drainage patterns associated with
the elevation differences may affect groundwater flow pattern. Both Moon and Rice lakes lie within meltwater channels and thus are hydrologically connected via groundwater
flow to other basins within this local flow field. By contrast,
Coldwater Lake is in till, which is less permeable and potentially less sensitive to groundwater flow. Moon Lake is
relatively simple morphometrically, whereas both Rice and
Coldwater lakes have adjacent wetlands or shallow basins
that would be connected to the main lake during times of
high water level. Thus, during high-water stages, lake surface area is greatly increased, which in turn would amplify
the evaporative response of the lake (Mason et al., 1994).
One can speculate that the directional shift of Moon Lake to
lowered mean salinity, for example, may have resulted from
a change in the configuration of the local groundwater system, which increased fresh groundwater flow into the lake
or, alternatively, increased solute losses from the lake so
that the lake fluctuated around an altered mean baseline. At
Coldwater Lake, both the diatom and ostracode inferences
suggest generally higher salinity over the last 500 years, and
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this could reflect a high lake level accompanied by an increase in the relative contribution of evaporative forcing
due to vastly increased surface area/volume ratio. The salinity response of Moon Lake may be very sensitive to spring
recharge, whereas Coldwater and Rice lakes may be more
strongly driven by summer evaporative forcing. Changes in
lake morphometry and mixing behavior as a result of gradual infilling can also alter hydrologic response. Moon Lake,
for example, has a relatively small deep hole and may have
been prone to meromixis as a result of its morphometry and
higher salinity (Laird et al., 1996a). Without more detailed
characterization and modeling of the groundwater and hydrologic setting of these individual lake basins, we can only
speculate regarding the influence of these hydrologic differences on lake behavior.
Late-Holocene Climate Variation and Its Causes
Despite the differences in long-term salinity trends exhibited by these lakes, there is a good agreement regarding direction of salinity change and inferred climate fluctuations.
From the vantage point of the 20th century, these three North
Dakota sites suggest that droughts equal or greater in magnitude to those of the Dust Bowl period were a common occurrence during the last 2,000 years and that severe droughts
may have been frequent for multiple decades within this period. Thus, the duration of major drought may have been
greater at times during the 2,000 years, such that high-salinity intervals were more persistent than in the 20th century,
a pattern evident in other records from the western United
States (Woodhouse and Overpeck, 1998). This postulated
change in the duration of dry periods implies shifts in the
persistence and strength of the atmospheric circulation patterns associated with drought (Higgins et al., 1997; Namias,
1983; Trenberth et al., 1988) on multidecadal time scales.
Recent studies from the northern Great Plains and western
North America (Cook et al., 1997; Dean, 1997; Laird et al.,
1996b; Yu and Ito, 1999) have shown a correlation between
solar forcing and centennial- and decadal-scale drought patterns. Thus, solar variability may influence the duration of
dry periods through its impact on convective activity and
circulation (Rind and Overpeck, 1993).
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